To elucidate the thermodynamics of inclusion formation and its influence on the corrosion behavior of Cu bearing duplex stainless steels, potentiodynamic and potentiostatic polarization tests, a SEM-EDS analysis of inclusions, and thermodynamic calculations of the formation of inclusions were carried out. While the resistance to general corrosion of the noble copper contained alloy-1.5Cu in a deaerated 2 M H 2 SO 4 was higher than that of the alloy-BASE, the resistance to pitting corrosion of copper contained alloy-1.5Cu in a deaerated 0.5 N HCl + 1 N NaCl and 30 mass% NaCl was lower than that of the alloy-BASE due to an increase of interface areas between inclusions and matrix acting as preferential pit initiation sites. The thermodynamic calculation for the formation of Cr-containing oxide inclusions was in good agreement with the experimental results.
Introduction
Duplex stainless steel (DSS) is the stainless steel that has microstructure where both ferrite and austenite phases are present in approximately equal volume fraction. Duplex stainless steel has a high resistance to pitting and crevice corrosion, high mechanical properties, and a better cost performance than austenitic stainless steel because of its lower Ni content. Highly alloyed DSS with Cr, Mo and N has been increasingly used for various applications such as power plants, desalination facilities and chemical plants due to the excellent resistance to localized corrosion and stress corrosion cracking (SCC). [1] [2] [3] It has been well known that the addition of copper (Cu) to ferritic, austenitic or duplex steels improves the resistance to uniform corrosion in sulfuric media. [4] [5] [6] [7] [8] It was reported in the previous studies that the mechanism on the beneficial effect of Cu addition on the steels is based on the suppression of anodic dissolution by elemental Cu deposition on the corroded surface of stainless steels. 9) In acid chloride media, the studies of redeposited metallic copper have been conducted due to the presence of Cl À ions. Hermas et al. 10) assumed that Cu additions diminish the corrosion rate and the stainless steel dissolution in diluted acid chloride solutions as a result of the accumulation of metallic Cu on the surface and the later formation of CuCl, which protects the oxide film. In a comparison with the role of copper in stainless steels in acidic solutions, Ujiro et al. 11) showed that the protective effect of the redeposited metallic copper at the active alloy surface can also occur in acidic chloride media, but it is less effective since the presence of Cl À ions diminishes the stability of the deposits, which dissolve as CuCl 2 in solutions of low pH and high chloride concentration.
In general, pit initiation occurs as a result of crevice formation at between the inclusion and the metallic matrix. 12) The interface area between the inclusion and the metallic matrix appears to affect the resistance to pitting corrosion by supplying the preferential area as a role of pit initiation site.
The initiation mechanism of pitting corrosion due to sulfide inclusions has mainly been issued during several decades. Recently, Williams et al. 13) found that a thin FeS layer would be formed around the MnS inclusions, within which a pit can be triggered. Zheng et al. 14) showed that a number of nano-sized MnCr 2 O 4 inclusion particles were embedded in the MnS medium, which generating local MnCr 2 O 4 /MnS nano-galvanic cells and this acts as the reactive site and catalyses the dissolution of MnS.
Meanwhile, metastable pit growth is a well-documented feature of the pitting corrosion of stainless steel in chloride solutions. [15] [16] [17] Metastable pits of stainless steels often form in the entire range of passivating potential. 18, 19) The number of metastable pitting events has been shown to be a function of the potential, [20] [21] [22] the potential scan rate, 23, 24) the chloride concentration in the solution, 25, 26) the oxide thickness and the alloy composition. 23) Burstein assumes that there are two distinct processes before stable pit formation occurs: pit nucleation and growth of the metastable pit. 25, 27) In this study, to elucidate the thermodynamics of inclusion formation and its influence on the corrosion behavior of Cu bearing duplex stainless steels, potentiodynamic and potentiostatic polarization tests, a scanning electron microscopeenergy dispersive spectroscope (SEM-EDS) of inclusions and thermodynamic calculation for the formation of inclusions were conducted.
Experimental Procedures

Material and heat treatment
The experimental alloys were manufactured using a high frequency vacuum induction furnace and then hot rolled to plates of 6 mm thickness. The experimental alloys were cut and solution heat-treated for 5 min per 1 mm thickness at 1090 C and then quenched in water. Chemical compositions of the experimental alloys are presented in Table 1 .
Computation of inclusion formation behavior
To elucidate the effects of copper addition on the formation of inclusions and the resistance to pitting corrosion of alloys, the commercial thermochemical computing software, FactSageÔ (ver. 6.1, Thermfact & GTT-Technology) was used with the Fact53 compound database, FToxid oxide database, and FSstel steel alloy database.
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Corrosion tests
To analyze the effect of copper addition on the resistance to pitting corrosion of the experimental alloys, a potentiodynamic anodic polarization test was conducted. The pitting potential (E p ) and the passive current density were conducted in a deaerated 25 mass% NaCl solution at 70 C and a deaerated 30 mass% NaCl solution at 75 C and a deaerated 0.5 N HCl + 1 N NaCl solution at 40 C and a deaerated 2 M H 2 SO 4 solution at 60 C according to the ASTM G 5. 35) Test specimens were joined with copper wire through soldering (95 mass% Sn-5 mass% Sb), and then mounted with an epoxy resin. One side of the sample was ground to 600 grit using SiC abrasion paper. After defining the exposed area of the test specimen as 1 cm 2 , the remainder was painted with a transparent lacquer. The test was conducted at a potential range of À0:65 V SCE $ þ1:1 V SCE and a scanning rate of 0.06 V/min, using a saturated calomel electrode.
The current transients through the potentiostatic test were measured in a deaerated 25 mass% NaCl solution at 70 C with an applied potential of 0 V SCE in the passive region of the potentiodynamic anodic polarization curves at which metastable pitting can occur. 27, 36) The current transients were recorded for a duration of 3600 s.
A critical crevice temperature (CCT) test was conducted in 6 mass% FeCl 3 + 1 mass% HCl of pH + 0 per ASTM G 48-Method F.
37) The specimens were ground to 100 grit using SiC abrasion paper. The initial temperature of 6 mass% FeCl 3 + 1 mass% HCl for the critical crevice temperature test was 25 C. The solution temperature was increased by 5 C per 24 h from the initial temperature of 25 C according to ASTM G 48-Method F. After the test was completed, corrosion products were removed in acetone. Pitting corrosion is considered to be present if the local attack is 0.025 mm or greater in depth.
Micro-structural characterization
To observe the optical microstructures of the alloys, they were ground to 2000 grit using SiC abrasive papers, polished with diamond paste, and then electrolytically etched using 10 mass% KOH.
The chemical compositions of various inclusions were analyzed using a SEM and an EDS attached to a SEM. Figure 1 shows back-scattered electron (BSE) images of the inclusions in the experimental alloys. The chemical compositions and the morphologies of the inclusions of the black spots were analyzed using a SEM-EDS. As presented in Fig. 1 , the inclusions in the alloy-BASE were composed of the main type of (Mn, Cr, Al) oxides and (Mn, Cr, Fe, Al) oxides. The inclusion in the Cu added alloy-1.5Cu were composed of the main type of (Mn, Cr, Al) oxides and (Mn, Cr, Fe, Al) oxides. The chemical compositions of inclusions in the Cu added alloy-1.5Cu are similar to those in the alloy-BASE. Figure 2 (a) presents the effects of the copper addition on the distribution of inclusions per frame area in the exper- Ã PREN (Pitting Resistance Equivalent Number) = mass% Cr + 3.3(mass% Mo + 0:5x mass%W) + 30x mass% N imental alloys. Notably, the alloy-1.5Cu had inclusions of various sizes ranging from fine inclusions to coarse inclusions as large as 13 mm, and had a large number of inclusions, compared with those of the alloy-BASE. As copper content increased, the number and the area fraction of inclusions per frame area increased. The number of inclusions per frame area in the alloy-1.5Cu was increased by about 1.5 times, compared with those of the alloy-BASE (Fig. 2(b) ). The area fraction of inclusions per frame area in the alloy-1.5Cu was increased by about 2.5 times, compared with those of the alloy-BASE (Fig. 2(b) ). Figure 2(c) shows that the effects of the copper addition on the length of inclusions per frame area in the experimental alloys. The mean length (2.18 mm) of the inclusions in the alloy-1.5Cu was much bigger than that (1.52 mm) of the alloy-BASE. The maximum length (13.43 mm) of the inclusions in the alloy-1.5Cu was bigger than that (11.19 mm) of the alloy-BASE. Figure 3 shows the average composition of the inclusions in the alloys investigated in the present study. It seems that the compositions of the inclusions are quite similar between the alloy-BASE and alloy-1.5Cu.
Results and Discussion
Effect of Cu addition on the distribution of inclusions
Effects of Cu addition on the formation behavior of inclusions
The effect of copper on the activity of chromium can be analyzed using the interaction parameter concept. In a multicomponent system, the effect of various elements on the activity coefficient of component i ( f i ) is expressed by formula (1). 38) 
where f j i is the effect of component j on the activity coefficient of component i. Since log f i is some function of the weight percents of components i; j; k; . . ., the Taylorseries expansion yields,
Here, the interaction parameter e j i is defined as
The effect of copper on the activity coefficient of chromium is known as formula (4) and thus be calculated as a function of copper content as shown in Fig. 4 .
39)
e Cu Cr ¼ @ log f Cr @ðmass%CuÞ ¼ 0:016 ð4Þ
As shown in Fig. 4 , the activity coefficient of chromium log f
Cu
Cr linearly increases with an increase of copper content. This means that the addition of copper enhanced the driving force of the formation reaction of Cr-containing oxide phases during melting and solidification processes.
More quantitative analysis for the formation behavior of oxide and sulfide inclusions in alloys BASE and 1.5Cu is carried out with an aid of a commercial thermochemical computing software, FactSageÔ6.1. 18, 34) The calculated amounts of precipitated oxide and sulfide inclusions are plotted in Fig. 5 as a ) phases increases with increasing copper content greater than 0.5 mass%, followed by saturation with the content of 170 ppm and 75 ppm, respectively. The content of MnS does not change through the content of copper investigated in the present study. This computing result indicates that the addition of copper thermodynamically enhances the formation of Cr-containing oxide inclusions, which is in good agreement to the present findings shown in Fig. 1 and Fig. 2 . Figure 6 shows the effect of copper addition on the critical crevice temperature (CCT) of the experimental alloys in 6 mass% FeCl 3 + 1 mass% HCl per ASTM G 48-method F. The resistance to pitting corrosion of copper contained alloy-1.5Cu was lower than that of the alloy-BASE due to a decrease in the CCT. Figure 7 shows the effect of copper addition on the potentiodynamic polarization behavior of the experimental alloys in a deaerated 2 M H 2 SO 4 solution at 60 C according to ASTM G 5. Based upon a decrease of the critical passive current density and primary passivation potential in active region, the resistance to general corrosion of the noble copper contained alloy-1.5Cu in a deaerated 2 M H 2 SO 4 solution was higher than that of the alloy-BASE. Figure 8 shows the effect of copper addition on the potentiodynamic polarization behaviors of the experimental alloys in a deaerated 0.5 N HCl + 1 N NaCl solution at 40 C per ASTM G 5. Based upon an increase of the passive current density in the passive region and the critical passive current density in active region, the resistance to pitting corrosion of copper contained alloy-1.5Cu was lower than that of the alloy-BASE. Figure 9 (a) shows the effect of copper addition on the potentiodynamic polarization behaviors of the experimental alloys in a deaerated 25 mass% NaCl solution at 70 C according to ASTM G 5. Based upon an increase of current density above oxygen evolution potential (Fig. 9(a) ), the resistance to pitting corrosion of the Cu added alloy-1.5Cu are similar to that of the alloy-BASE. However, the passivation behavior of the Cu added alloy-1.5Cu appeared unstable because of the fluctuation of current density in the passive region, compared with that of the alloy-BASE. Figure 9(b) shows the effect of copper addition on the potentiodynamic polarization behavior of the experimental alloys in a deaerated 30 mass% NaCl solution at 70 C. In general, the pitting potential (E p ) is defined as the breakdown potential destroying a passive film. As the E p of an alloy increases, the resistance to pitting corrosion of the alloy increases. As copper content increased, the resistance to pitting corrosion decreased due to a decrease in the E p ( Fig. 9(b) ). Hence, the resistance to pitting corrosion of the alloy-1.5Cu containing Cu was inferior to that of the alloy- BASE because pitting potential (Ep: +0.64 V SCE ) of the alloy-BASE is much higher than that (Ep: +0.01 V SCE ) of the alloy-1.5Cu. Figure 10 (a) presents the potentiostatic polarization behaviors (the current transient behaviors) for the experimental alloys in a deaerated 25 mass% NaCl solution at 70
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C with an applied potential of 0 V SCE in the passive region. The potentiostatic test was conducted to observe the initiation of pitting corrosion and the repassivation of meta-stable pits of the experimental alloys. Figure 10(b) shows that the number of the current spikes corresponding to the initiation of pitting corrosion and the repassivation of the meta-stable pits. The number of the current spikes of the alloy-1.5Cu was 49 whereas that of the alloy-BASE was 14. It was assumed that there are two distinct processes before the stable formations of pits occur: pit nucleation and growth of the meta-stable pit. 25) As presented in Fig. 10(b) , the degree of the growth of meta-stable pits in the alloys-1.5Cu seemed to increase compared to those in the alloy-BASE. Therefore, it was clarified that the resistance to the initiation of pitting corrosion and the repassivation of meta-stable pits of the alloy-1.5Cu was inferior to that of the alloy-BASE.
The reasons that the resistance to pitting corrosion with the addition of copper decreased are as follows: the deterioration in the resistance to pitting corrosion as a result of the copper addition seems to be associated with the inclusions in the alloy. In particular, the pitting potential of the Cu added alloy decreased greatly with an increase in the area fraction of inclusions per frame area. That is, as the interface areas between the inclusion and the matrix in the copper added alloy-1.5Cu increased compared to those in the alloy-BASE, the preferential sites for the initiation of pitting corrosion in the alloy-1.5Cu increased compared to those in the alloy-BASE. Hence, it was clarified that the resistance to pitting corrosion of the copper added alloy-1.5Cu was decreased due to an increase of interface areas between inclusions and matrix acting as preferential pit initiation sites.
Conclusions
To elucidate the thermodynamics of inclusion formation and its influence on the corrosion behavior of Cu bearing duplex stainless steels, potentiodynamic and potentiostatic polarization tests, a SEM-EDS (scanning electron microscope-energy dispersive spectroscope) of inclusions and thermodynamic calculation for the formation of inclusions were conducted.
(1) The number and the area fraction of inclusions per frame area in the alloy-1.5Cu were bigger than those of the alloy-BASE due to an increase of activity of chromium. The chemical compositions of inclusions in the Cu added alloy-1.5Cu are similar to those in the alloy-BASE.
(2) The thermodynamic calculation for the formation of Cr-containing oxide inclusions was in good agreement with the experimental results.
(3) Based upon a decrease of the critical passive current density and primary passivation potential in active region, the resistance to general corrosion of the noble copper contained alloy-1.5Cu in a deaerated 2 M H 2 SO 4 solution was higher than that of the alloy-BASE.
(4) Based upon an increase of the passive current density in the passive region and the critical passive current density in active region and a decrease of pitting potential, the resistance to pitting corrosion of copper contained alloy-1.5Cu in a deaerated 0.5 N HCl + 1 N NaCl and 30 mass% NaCl solutions was lower than that of the alloy-BASE due to an increase of interface areas between inclusions and matrix acting as preferential pit initiation sites.
(5) The Cu added alloy improved the resistance to general corrosion due to the noble Cu enriched on surface in sulfuric acid solution whereas it deteriorated the resistance to pitting corrosion due to an increase of interface areas between inclusions and matrix acting as the preferential sites of pit initiation in chloride (Cl À ) solution. The addition of Cu to the alloy had a positive or negative influence in the different environments.
